Halloysite nanotubes (HNTs) 
INTRODUCTION
Halloysite nanotubes (HNTs) whose chemical formula is Al 2 Si 2 O 5 (OH) 4 .nH 2 O are formed by rolling the sheet to form a tabular structure. HNTs can be found in many countries and it is mined from the natural deposit Joussein et al. 2005 ). The letter "n" appears in the formula refers to two types of HNTs: n = 0 for halloysite-7Å and n = 2 for hydrated halloysite-10Å. The name halloysite is extracted from the rolling process of the structure (Joussein et al. 2005) . Despite the fact that HNTs has a definite formula, its formula could change due to the impurities such as sulfur, iron oxides and others (Joussein et al. 2005) . HNTs occur widely in weathered rocks as well as in soils and appear to have alternation of a wide variety of igneous and non-igneous rocks Joussein et al. 2005) . The uses of HNTs extend from bioreactor, catalysts, time-release capsules, filler, and templates for depositing other nanoparticles, polymer filler or property Ahmad et al. 2016) .
As a filler, HNTs are used in reinforcement the polymer matrix such as polypropylene, polyamide, epoxy resin, ethylene propylene diene monomer rubber, and styrene rubber. These nanocomposites are characterized as having good mechanical and thermal properties; however they are not biodegradable Ye et al. 2007; Deng et al. 2008; Ning et al. 2007; Du et al. 2006; Marney et al. 2008; Du et al. 2008; Guo et al. 2008; Pasbakhsh et al. 2010) . HNTs are very effective fillers such as adding HNTs to soy protein improves the fire resistance (Nakamura et al. 2013) . As another example, PVA which has relatively low strength and thermal stability for some applications could become different polymer with excellent mechanical properties and thermal stability mainly due to the thermal stability of HNTs. HNTs-PVA nanocomposites have reported having excellent mechanical properties which could extend the use of PVA to variety of applications in industry (Zhou et al. 2010) .
In this paper, HNTs individualization is discussed in addition to crosslinking of PVA in order to achieve much better properties. The crosslinking technique is normally used to improve the mechanical and thermal properties in addition to improve the solubility of many polymers (Yeom & Lee 1996; Zhang et al. 2010) . In addition to PVA as a crosslinker, glyoxal glutaraldehyde is the other universally crosslinker for polymers that primarily contain amine groups such as proteins (Yeom & Lee 1996; Zhang et al. 2010) . Other attempts have shown that crosslinking of PVA can be performed by utilizing dicarboxylic acids such as a malonic acid (MA) with sulphuric acid (Takip et al. 2015) which is widely considered as a catalyst to obtain esterification (Jian & Ming 1987; Majumdar & Adhikari 2006) .
The applications of HNTs cover medical and technology. In the medical field, the most attractive field, adding thin HNTs layers resulted in improved adhesion matrix of human dermal fibroblasts (Lvov & Abdullayev 2013) . In the environmental sector, HNTs present several biological and non-biological uses, such as a diuretic drug transportation to remove hazardous species (Chang et al. 2011) . HNTs are decisive inorganic constituents for the nanotechnology of composite biomaterials in diversely vital biomedical disciplines including corrosion protection implant alloys, biosensors, tunable drugs delivery, transportation systems, and biocide agents (Deen & Zhitomirsky 2014) . A series of very exciting new applications of HNTs in the medical field such as bone implants and cancer cell isolation has been recently added (Rong et al. 2016) .
Generally, the crosslink, as a technique, has not been used in many research and there is a limited number of investigations are reported. In the study, HNTs are individualized using several techniques and the resulting membrane-as biodegradable HNTs-PVA nanocomposites are then fabricated. These thin membrane-like nanocomposites are characterized by smooth surfaces while their thermal and tensile properties are excellent. PVA and its counterpart nanocomposites HNTs-PVA were crosslinked-using MA -the process that is conducted using sulfuric acid as catalyst. One of the most important achievements for PVA-crosslinking is that HNTs-PVA composites is characterized as water-insoluble. It is important to note that using MA crosslinked HNTs-PVA composites shows much better improvement of the thermal and mechanical properties.
MATERIALS AND METHODS

INDIVIDUALIZATION OF HNTS
The individualization of the samples was performed throughout steps as shown in Table 1 . HNTs were purchased from Natural Nano, New York. HNTs were initially added into distilled water at a weight ratio of 1:49. Sodium Dodecyl Sulfate (SDS) (Mw 288.38, C 12 H 25 NaO 4 S) was supplied by BioShop Canada Inc., Burlington, L7L6A4) (HNT: SDS (w/w) = 10:1). SDS was then added to the mixture, as a non-ionic surfactant, to help individualize the HNTs. The pH value of the mixture was adjusted to 10 to further avoid clustering of HNTs (Qiu 2012) . The mixture (at pH = 10) was stirred using mechanical stirrer at 90°C and 1000 rpm for 1 hr and followed by ultrasonication (WiseClean ® , Ultrasonic Cleaner, Model WUC-A10H & WUC-A22H, Seoul, Korea) of the final mixture at 65°C for 1 hr to form original HNTs dispersion. The original HNTs dispersion was kept standing for 2 days until it was stabilized. The supernatant of the HNTs dispersion was used as final individualized HNTs dispersion while the solution at the bottom with HNTs deposition was removed. The HNTs content in the final individualized HNTs dispersion was 0.5 wt.%. and stirred for 30 min. MA powder (ReagentPlus®, 99%, Sigma-Aldrich, St. Louis, MO) was then added to the PVA solution. The weight ratio of MA and PVA was 1:10. The pH value of the mixture was adjusted at 1 (Acidic) by adding sulfuric acid (ACS reagent, 95-98% H 2 SO 4 ) was supplied by Sigma-Aldrich. The mixture was stirred at 90°C for 1 hour for procuring. The preparation of the samples was performed throughout steps as shown in Table 2 . PVA powder (Mw 89,000-98,000, 99 + % hydrolysed) was supplied by Sigma-Aldrich. PVA was added to the distilled water at a weight ratio of 1:9 to form PVA solution which was maintained in a water bath at 80°C Thermogravimetric analysis (TGA) (Model Q600, TA Instrument, New Castle, DE) was used to characterize the thermal properties of all samples. Prior to using the samples, they were dried at 40°C for 12 hr prior in an air-circulating oven. The range of the temperature of all TGA tests was between 25 and 800°C under atmospheric nitrogen at a flow rate of 60 ml/min and at a scanning rate of 10°C/min. Differential scanning calorimetry (DSC) (Model Q2000, TA Instrument, New Castle, DE) was used to analyse the glass transition temperature (T g ), melting temperature (T m ), enthalpy of fusion (ΔH f ) and crystallinity of PVA, HNTs-PVA, and their corresponding MA crosslinked samples. The samples are dried at 105°C for 12 hr in an oven prior to conducting the test. All DSC analyses were performed nitrogen environment where the nitrogen flows at rate of 50 ml/min and temperatures between -20 and 250°C at a scanning rate of 10°C/min.
RESULTS AND DISCUSSION HNTS INDIVIDUALIZATION
HNTs are naturally occurred material as small tabular forms of an average diameter of 30 nm. The HNTs used in this research was natural and unprocessed. Therefore, for individualization, many separation techniques were employed such as highspeed mechanical stirring, ultrasonication, treated with a non-ionic surfactant and changing the pH solution. The HNTs clusters are broken by a high-speed mechanical stirring shear force. The ultrasonication could be performed at an intense and high-frequency sound which is consisted of regions of high and low pressure that move through a material as waves. By this technique, each tiny portion of liquid vibrates in response to these pressure fluctuations which results in breaking of the clusters of HNTs (Qiu 2012) . SDS was used as a dispersant to improve the separation of HNTs (Karatepe 2003) .
The separation of HNTs is mainly dependent on manipulating the pH value. The negative charge HNTs on the basal or 'face' surface cannot be altered while the charge on crystal edges are subjected to the pH of the ambient environment. The edge surface of amphoteric nature may be attributed to the protonation and deprotonation of OH-groups which are coordinated with Al ions and alkaline pH conditions, respectively (Joussein et al. 2005) . The best-reported pH values are at pH 7.5 and above (Churchman & Theng 1984) . The resulted system is characterized deflocculates, and cohesion losses. In this study, a uniform and the stable HNT dispersion was obtained due to using sequentially these separation techniques. The stable HNTs dispersion is used for fabricating HNTs-PVA nanocomposites.
FIELD EMISSION SCANNING ELECTRON MICROSCOPY
Typical FESEM images of (a) HNTs-PVA nanocomposite and (b) MA crosslinked HNTs-PVA nanocomposite is shown in Figure  2 . The images clearly show that the HNTs were individualized and uniformly dispersed within the PVA or crosslinked PVA. It is important to note that the high viscosity of the PVA solution helps to individualize HNTs and prevents clustering by immobilizing them. The degree or uniformity of dispersion of the HNTs within the polymer plays an important role in its mechanical properties (Yano et al. 1997 ) which means that both mechanical and thermal properties of the composites would also be expected uniform (Qiu 2012) . The FESEM spectrum shows in Figure 3 broadband at 3500-3200 cm -1 wavenumber as a result of the O-H stretching vibration caused by the strong intra-molecular and intermolecular hydrogen bonding (Kim et al. 2003) . The absorption band observed between 3000 and 2820 cm -1 wavenumbers is attributed to the stretching of aliphatic C-H bonds (Mansur et al. 2008 ). This lower absorption clearly indicates a reduction in the O-H groups and confirms the crosslinking of PVA by MA (Mansur et al. 2008 ) which confirms the earlier results obtained (Gohil et al. 2006 ) and (Mansur et al. 2008) . The two-step degradation of PVA was reported early as PVA first degrades into smaller molecular weight polymer at around 250°C by chain scission and further degrades into carbon char at temperatures above 350°C (Zhang et al. 2001) . The results of this study confirm the earlier findings (Peng & Kong 2007) . The weight losses observed for pure HNTs at 471°C, 20% at 700°C, and 24% at 800°C forms about 10% and, meanwhile, confirming the higher thermal stability of HNTs (Du et al. 2006) . The thermal stability enhancement after crosslinking has been observed earlier for many polymers (Chabba et al. 2005 , Rodrigues et al. 2010 . Figure 4 shows T g and T m of 102.1°C and 189.7°C, respectively. The ΔH f and the crystallinity of the crosslinked PVA were 36.8 J/g and 26.6%, respectively. The lower ΔH f and higher T g further confirm that the PVA was effectively crosslinked by MA. The higher T g and lower crystallinity after crosslinking are due to the restricted segmental motion of the molecules, a phenomenon commonly observed in most polymers (Kim et al. 1992; Mtshali et al. 2001) . Figure 4 (b) presents typical DSC thermograms of (a) HNTs-PVA nanocomposites and (b) MA crosslinked HNTs-PVA nanocomposites. The T g and T m for the HNTs-PVA nanocomposites were observed at 90.5°C and 201.9°C, respectively. The change in T g for nanocomposite is insignificant. While the T m value is about 5°C higher than that of control PVA, the T g is about 1.5°C lower. This suggests that HNTs have the ability to lead to decrease T g and increase T m of polymers Liu et al. 2009 ). It was observed that a similar decrease in T g as a result of HNTs addition (Nakamura et al. 2011) where the free volume addition was proposed.
CONCLUSION
The Crosslinking of PVA resulted in higher T g , lower T m and lower crystallinity as was expected.
